The medial collateral ligament (MCL) of the knee is frequently injured in sport. Repair is slow and often complicated by scar formation which may result in impairment of function. Vanadate is a promising efficacious treatment for tissue injuries and this study aimed to examine its effect in rats on the histological and biomechanical features of MCL healing. Rats received either 0.025 g/kg per day vanadate or equivalent amounts of drinking water (control) by intragastric gavage for 1 week before and 2 weeks after wounding. Repaired sites were dissected out for histological and biomechanical tests 28 days after wounding. Fibre bundles in the vanadate-treated group were uniform and evenly spaced. Furthermore, vanadate significantly increased the diameter of collagen fibrils in the healing tissue. Stiffness and ultimate force of the femur-medial collateral ligament-tibia complex for the vanadate-treated group were significantly higher than for the controls. The results suggest that vanadate significantly improves the histological and biomechanical properties of healing MCL.
Introduction
The medial collateral ligament (MCL) of the knee is frequently injured in sporting activities. Due to the accessibility, frequency of injury and healing properties of the MCL, it has become a primary model for scientific research, the results of which can be transferred to many other ligaments in the body. 1 A grade III injury to the MCL of the knee usually heals spontaneously without surgical intervention. 2 The histological, biochemical and biomechanical properties of healing tissue, however, are inferior to those of intact, normal MCL, 3, 4 with a disorganized collagen matrix and smaller collagen fibril diameter. Restoration of mechanical strength is one of the goals of ligament healing and this is a slow process compared with the healing of other connective tissues. Although various attempts have been made to facilitate ligament healing to date, such as growth factors, gene therapy, biological scaffold and cell therapies, 5 -8 the best protocol to improve ligament healing has not yet been established. Acceleration of the healing of this ligament could lead to a reduction in recovery time, increased patient compliance with a shorter rehabilitation requirement, increased stability of the knee and, DP Jiang, ZZ Li, ZT Jiang Vanadate improves ligament repair potentially, a lower prevalence of post-injury osteoarthritis.
Recently, vanadate, which is an inhibitor of protein tyrosine phosphatase, has shown promise as an efficacious treatment for tissue injuries. 9, 10 For example, the administration of vanadate into rat skin excision wounds has been shown to improve the organization of collagen fibres, to increase their diameter by > 20% compared with controls and to double wound-breaking strength compared with controls. 9 Chronic ingestion of vanadate can also promote a more rapid organization of collagen fibre bundles in healing transected tendons in the absence of myofibroblasts. 10 Based on these facts we investigated the histological and mechanical effects of vanadate on healing MCL in the rat knee joint, and whether the improved organization of collagen fibrils and their increased diameters might provide a basis for the improved mechanical properties.
Materials and methods

VANADATE ADMINISTRATION
The Animal Care Committee at Harbin Medical University, Harbin, China, approved all procedures. Adult male Sprague-Dawley rats (n = 58) weighing 250 -260 g were divided into two groups. One group (n = 29) received vanadate (0.025 g/kg per day) (Alfa Aesar, Ward Hill, MA, USA) in drinking water by intragastric gavage for 1 week before and 2 weeks after wounding. The choice of vanadate dose was based on other studies in the literature. 9, 11 The other group (control; n = 29) received an equal amount of drinking water without vanadate by intragastric gavage over the same period.
SURGICAL PROCEDURE
On the day of surgery, the rats were anaesthetized with xylazine and ketamine.
Under sterile conditions, a 1.5 cm longitudinal incision was made in the medial aspect of the right knee of the hind limb and the MCL was exposed through the incision. The ligament was then sharply transected just below the joint line, at the level of the tibial tubercle, and a full-width ligament gap was made by removing a 2mm segment of ligament. After surgery, the skin incision was closed using a 5-0 nylon suture. The left knees of rats in all groups remained intact.
Postoperatively, animals were allowed free cage activity. At 28 days after surgery, they were sacrificed with an overdose of pentobarbital, the repaired ligament was exposed and the repaired site carefully dissected out in order to ensure isolation of only the tendon repair area. Tissues from 20 rats in each group were taken for histological examination and ultrastructural analysis, and the remaining rats in each group were used for mechanical testing.
TRANSMISSION ELECTRON MICROSCOPY AND HISTOLOGICAL ANALYSIS
The histological properties of the MCLs were examined in a blinded manner by transmission electron microscopy (JEM-1220EX, Jeol Ltd, Tokyo, Japan) of hematoxylin-eosin (H&E) stained tissue. The samples for examination were cut into 1 mm cubes, fixed for 2 h in Karnovsky's fixative, then post-fixed in 1% osmium tetroxide and 1.5% potassium ferrocyanide, dehydrated in increasing concentrations of ethanol, stained with 1% aqueous uranium acetate, embedded in Spurr's resin and sectioned. Fibrillar structures with a diameter < 20 nm were excluded to avoid measurement of microfibrils or non-collagen fibrillar components. 8 Tissue specimens for H&E staining were fixed in 10% formaldehyde, DP Jiang, ZZ Li, ZT Jiang Vanadate improves ligament repair embedded, sectioned, stained with H&E and then evaluated under a light microscope.
BIOMECHANICAL TESTING
Right hind limbs were disarticulated at the hip joint 28 days after operation. They were then wrapped in saline-soaked gauze and immediately stored at -20°C with the knee tissues intact. 12 At the time of testing, the frozen specimens were thawed for 4 h at room temperature in normal saline, and all extraneous soft and hard tissues were then carefully cut. The femur-medial collateral ligament-tibia complex (FMTC) was tested blind on a biomaterial testing machine (Z010, Zwick, Ulm, Germany). The FMTCs were clamped in the testing machine with a knee flexion of 70 o , 13 and were stretched along the axis of the MCL at a rate of 0.2 mm/s until failure of the healed ligament. A preload of 0.05 N was applied to each ligament. Specimens were kept moist with normal saline throughout the testing, and all tests were completed within 4 h of thawing. From the load-deformation curve, ultimate force and stiffness were determined for each test specimen.
SIDE EFFECTS
At the dose used in the current study on rats, side effects were not observed.
STATISTICAL ANALYSIS
Data are presented as the mean ± SD and analysis was by paired Student's t-tests to compare differences between the two groups. A P-value < 0.05 was considered to be statistically significant.
Results
LIGHT MICROSCOPY EVALUATION
Staining with H&E showed that collagen fibres from the vanadate-treated group were oriented along the long axis of the healing ligament ( Fig. 1A) . In contrast, specimens from the control group showed that the healing portion of the MCL exhibited areas of disorganized collagen bundles ( Fig. 1B ).
TRANSMISSION ELECTRON MICROSCOPY FINDINGS
At 28 days after surgery, the repair tissue in the vanadate-treated group contained some thicker fibrils ( Fig. 2A) , compared with the control group that contained collagen fibrils (Fig. 2B) . Measurement of the mean diameter of fibres from the vanadate-treated group found the mean fibril diameter to be significantly greater in the vanadate-treated group than in the control group (Fig. 2C) (P < 0.05). In the control rats, the fibre bundles were less distinct, the distance between them was inconsistent and they were not evenly spaced (Fig. 2B) . On the other hand, in the vanadate-treated rats, the collagen fibre bundles were quite distinct, and they were uniform and evenly spaced within the granulation tissue ( Fig. 2A ).
EFFECT OF VANADATE ON BIOMECHANICAL PARAMETERS
Biomechanical tests were successfully completed on 18 ligaments (nine per group) and vanadate was found to have a favourable effect on the tensile mechanical properties of the healing MCL; a statistically significant increase in ligament ultimate force was seen in the vanadate-treated group compared with the control group ( Fig. 3 ; P < 0.05). Significantly greater stiffness in the vanadatetreated group compared with the control group was also observed. ( Fig. 4 ; P < 0.05). 
Discussion
Injuries to the MCL account for a significant percentage of knee ligament injury. The large number of MCL injuries that occur each year leads to a significant amount of morbidity and, consequently, significant cost to society in terms of lost work productivity and recreational ability. In order to improve the quality of healing tissues and restore the normal function of ligaments, functional tissue engineering techniques have been explored. 5 -8 Although the methods of treating ligament injuries have seen substantial improvements, challenging problems still remain to be solved and new treatment strategies need to be explored.
The present study investigated the effects of vanadate in improving the histological and biomechanical properties of the healing MCL at 28 days after injury. Our histological findings on healing MCLs support the improvement in mechanical properties that has been found to occur with vanadate; 9,10 H&E staining showed that collagen fibres from the vanadate-treated group were more densely stained and more often oriented along the long axis of the healing ligament than those from the untreated (control) group. The results of biomechanical testing in the present study have shown that the process of ligament healing was facilitated by vanadate. The data showed that the ultimate force and stiffness of the FMTC were significantly improved following vanadate treatment compared with an untreated control at 28 days after injury. The load-elongation curves for the FMTCs tested under uniaxial tension were similar to those seen in ligament tests reported in other studies. 12 -14 Assessment of the mechanical properties of the ligaments was the chosen outcome measure in the current study because the restoration of mechanical integrity is the overall function of any repair process in a load-bearing structure. 13 The changes observed in the present study were statistically significant.
Our electron microscopic observations also indicated how the improved healing that is seen with vanadate may occur. Compared with the controls, the repaired tissue in the vanadate-treated rats tended to contain thicker collagen fibrils at a higher density. The collagen fibre bundles in the healing ligaments were also evenly spaced, whereas in the control group the spacing among the fibrils was inconsistent. These results are similar to results reported previously. 9, 15, 16 Studies on wound healing have suggested that tensile strength, toughness and organization of repaired tissue are related to collagen fibre diameter and that healed ligaments with smaller collagen fibrils are mechanically weaker than those with normal collagen fibrils. 17 Considering that collagen fibril diameter is a major determinant of the mechanical property of the ligament, the favourable outcome following vanadate treatment might be a consequence of the increased size and density of collagen fibrils in the repaired tissue. 3, 18 Type I collagen is important for long-term structural properties of the extracellular matrix and is, consequently, a good marker of functional MCL healing. 19 The present study did not measure the amount of type I collagen in the repaired tisssue, however future studies will explore this. The statistically significant increase in ligament ultimate force, stiffness and the corresponding increased collagen fibril diameter combined with improved tissue organization demonstrate a potential mechanism for how vanadate improves the quality of tissue healing.
The underlying molecular processes behind the observed histological and mechanical effects of vanadate was not DP Jiang, ZZ Li, ZT Jiang Vanadate improves ligament repair investigated in the current study. Vanadate, a tyrosine phosphatase inhibitor, might prevent the appearance of myofibroblasts and enhance the deposition of more ordered collagen fibre bundles in granulation tissue by blocking the differentiation of fibroblasts into myofibroblasts. 9, 15 A previous study has shown that fibroblasts from healing MCLs had a higher protein expression of α-smooth muscle actin (α-SMA), 20 a specific marker of myofibroblasts. The ability of fibroblasts to compact collagen fibres is retarded by the expression α-SMA within cytoplasmic stress fibres. 11 Preventing the transformation of fibroblasts into myofibroblasts would, therefore, enhance the healing process. Further studies are required to elucidate the molecular mechanisms of vanadate effects in enhancing tissue healing.
The administration of vanadate through ingestion may cause some side-effects, however, toxic effects are apparent only at markedly high doses. 21 A lack of experimental observations at a low dose range means that it is not possible to establish a tolerable daily intake level. In order to avoid adverse effects through the clinical use of vanadate further studies are required. At the dose used in the current study on rats, side effects were not observed.
There were a few limitations of the present study. First, this study examined the effect of vanadate on healing MCL at only one timepoint, therefore kinetic effects on the healing MCL are unknown and need to be investigated in future studies. Secondly, since the observation time was relatively short, the long-term effects of systemic vanadate ingestion on MCL could not be assessed so future studies focusing on the longer-term effects of vanadate are warranted. The final limitation is that the gap injury does not mimic clinical MCL injuries; blunt rupture is thought to resemble clinical injury more closely. 22 Future work with this model will require development of a method to produce a blunt injury.
In conclusion, we have shown that, with the administration of vanadate, the histological properties of healing MCL, including tissue organization and the diameter of collagen fibres, and the biomechanical properties of MCL, including ultimate force and stiffness, are significantly increased compared with a control. These findings may be important in improving our understanding of the effects of vanadate on the histological, biochemical and biomechanical properties of the healing MCL. Our work provides a basis for the potential future clinical use of vanadate in helping the repair of ligaments. Further studies are required, however, to validate the findings prior to use in treating human ligaments.
